The eastern Bering Sea shelf supports a large biomass of several groundfish populations, particularly walleye pollock (Theragra chalcogramma). The main trophic interactions between dominant groundfish populations in this region involve walleye pollock as prey. A multispecies virtual population analysis model (MSVPA) covering the period 1979-1995 has been parameterized for the eastern Bering Sea in order to move closer to providing multispecies management advice for this region. The MSVPA model is based on extensive diet data from 70 predator/prey/year/quarter combinations and currently includes the following species as predators: walleye pollock (Theragra chalcogramma), Pacific cod (Gadus macrocephalus), Greenland turbot (Reinhardtius hippoglossoides), yellowfin sole (Pleuronectes asper), arrowtooth flounder (Atheresthes stomias), and northern fur seal (Callorhinus ursinus). Arrowtooth flounder and northern fur seals are entered as ''other predators'', which means that population and mortality estimates are not directly made for these species. Estimates of their consumption rates, diet, and population abundance are input, however, so that their predation on prey species in the model can be calculated. Prey species are walleye pollock, Pacific cod, Greenland turbot, yellowfin sole, rock sole (Lepidopsetta bilineatus), and Pacific herring (Clupea pallasi). Results show that large numbers of walleye pollock, particularly age-0 and age-1 fish, are consumed and cannibalism by adult pollock constitutes the largest source of predation mortality for age-0 fish. Predation plays an important role in explaining the recruitment dynamics of pollock. Further advances may be made when these estimates are linked to models that examine the effect of climate-related factors influencing larval survival. 2000 International Council for the Exploration of the Sea
Introduction
The study of factors influencing fish recruitment has traditionally focused on processes such as starvation and transport of larvae that affect early life history survival. It has been recognized for some time that different factors affect survival at successive life history stages, and that a multistage stock-recruitment model may be necessary if we are to predict recruitment from a given stock of spawners (Paulik, 1973) . To implement such a stock-recruitment model, reliable estimates of consecutive life-stage abundance are required to help us predict recruitment of fish into the exploitable population.
Predation is the factor that is usually the focus of studies seeking to explain mortality during the juvenile stage, as evidenced by the work of the ICES Multispecies Assessment Working Group summarized in Daan and Sissenwine (1991) . In the eastern Bering Sea, many animals prey on juvenile walleye pollock (Theragra chalcogramma) and predation mortality of juveniles is apparently large and variable (Livingston, 1993) . Furthermore, cannibalism is one of the most important sources of predation mortality on juveniles (Dwyer et al., 1987; Livingston, 1993) and could have important implications for management.
Predation on pollock has previously been added to a single-species population model of walleye pollock (Livingston and Methot, 1996, 1998) . This model contained three predators (cannibalistic adult pollock, northern fur seals (Callorhinus ursinus), and Pacific cod (Gadus macrocephalus)) and considered predation on age-1 and older pollock. The Multispecies Virtual Population Analysis Model (MSVPA) developed independently by Helgason and Gislason (1979) and Pope (1979) and implemented by ICES (1984) provides a framework for including quarterly varying predation after the first half year of life among several fished populations. Developing an MSVPA for the eastern Bering Sea will provide a method for assessing predation interactions and recruitment in a broader context than previous modelling efforts. We report on the implementation of such a model and the resulting estimates of recruitment, particularly with respect to walleye pollock.
Methods
The MSVPA model, as currently parameterized for the eastern Bering Sea, incorporates walleye pollock, Pacific cod, Greenland turbot, yellowfin sole, arrowtooth flounder, and northern fur seal as predators (Table 1) . Arrowtooth flounder and northern fur seals are entered as ''other predators'', which means that VPAs are not performed for these species. Instead, their consumption rates, diet, and population abundance are input so that their predation on VPA prey species in the model can be calculated. Prey species are walleye pollock, Pacific cod, Greenland turbot, yellowfin sole, rock sole, and Pacific herring. The data cover the period 1979-1995 and an extensive amount of diet data from 70 predator/year/ quarter combinations derived from over 40 000 stomach samples collected have been used as input ( Table 2) .
Details of the assumptions and equations underlying MSVPA can be found in Sparre (1991) . The model requires estimates of catch-at-age in numbers (C), fishing mortality rates (F) in the terminal year and oldest age classes, and residual natural mortality rates (M1) that are the usual parameters needed to perform a single-species VPA (Fig. 1) . The terminal Fs for the single-species VPAs have been tuned to minimize the differences in VPA estimates of numbers at age relative to the numbers at age estimated from the integrated catch-at-age models that are presently being used for many groundfish species in the eastern Bering Sea (NPFMC, 1996) . The inputs required to estimate age-specific suitabilities of prey to predators and mortality due to predation include quarterly estimates of predator rations, fractions by weight of each prey in the diet of each predator (by age), and average weights-at-age of prey in the stomach contents. An estimate of total ecosystem biomass and biomass of other food not accounted for by the MSVPA prey species is also required, depending on the assumption used regarding the amount of food available to predators. Methods of collection and analysis of groundfish food habits data for the eastern Bering Sea, including estimation of daily rations can be found in Livingston et al. (1993) . Northern fur seal diet information, ration and population estimates were obtained from Sinclair (1988) , Perez and Mooney (1986) , and Antonelis et al. (1996) , respectively. Total ecosystem biomass and biomass of other food were estimated using information on ration, population biomass, and proportions of non-MSVPA species in the diets. The base run considered here, however, assumes that the biomass of other food is constant at the level of 100 million t.
Spawner (S) recruit (R) curves were fitted to the Ricker spawner recruit model R=aS exp( bS), where a is the recruits-per-spawner at low stock sizes, and b describes how quickly the recruits-per-spawner drop as S increases. The non-linear least squares parameter estimation method implemented by Prager et al. (1989) was used.
Results
The base run of the eastern Bering Sea MSVPA produced estimates of number-at-age and total natural mortality rates at age that were similar to those estimates produced for exploited age groups using singlespecies virtual population analysis (SSVPA). For all species, but particularly for walleye pollock, the estimated number and natural mortality at age for juvenile fish were higher than those from SSVPA (Fig. 2) . Total natural mortality of age-1 pollock, which includes the residual natural mortality (M1) and predation mortality (M2), averaged 1.55 over the period [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] .
The main predators of walleye pollock in terms of biomass consumed were walleye pollock and Pacific cod (Fig. 3) . The total amount of pollock consumed ranged from 1.4 million t in 1979 to 4.2 million t in 1983. Similarly, the species contributing most to the consumption of pollock biomass changed over time, with pollock and cod being the most dominant predators from around 1983 to 1989. Predation on pollock by large, piscivorous flounders (arrowtooth flounder and Greenland turbot) was important at the beginning and end of the time period considered, when measured as a proportion of the total biomass consumed.
Different predators contributed to the predation on various age groups of walleye pollock (Fig. 4) . Cannibalism was the major source of predation mortality on age-0 pollock. Predation on age-1 pollock was shared more equally between pollock, cod, arrowtooth flounder, and northern fur seals. Predation on age-2 pollock was much smaller than on the younger age groups and cannibalism was not an important source of mortality. Ricker stock recruitment curves were fitted to estimates of walleye pollock spawning stock biomass and estimated numbers at various ages from MSVPA and SSVPA. The data and fitted curves for age-1 are shown in Figure 5 . The SSVPA recruitment curve exhibits more of a downward bend at the right-hand side of the fitted curve. The coefficients of determination (R 2 ) from all model fits were low, ranging from 0.06 to 0.22, the highest value representing the fit of estimated numbers at age 0 to spawning biomass estimates from MSVPA. A plot of the Ricker stock recruitment curves fitted to estimates of walleye pollock spawning stock biomass and estimated numbers at ages 0, 1, 2, and 3 from MSPVA ( Fig. 6) clearly shows the large differences in estimated number-at-age, particularly between estimated number-at-age 2 and number-at-ages 0 and 1.
Discussion
The estimated rates of total natural mortality for juvenile walleye pollock in the eastern Bering Sea by MSVPA are comparable to rates estimated by other models and methods (Table 3) . Livingston (1993) calculated age 0-1 predation mortality for 1985-1987 using diet, ration, and groundfish and marine mammal predator population estimates and obtained annual instantaneous rates that were higher than MSVPA estimates for age-0 but very similar to MSVPA model estimates for age-1 pollock mortality. Age-2 predation mortality estimated in that paper is low compared to the other sources because it did not include the residual natural mortality rate of 0.3 used in MSVPA and Livingston and Methot (1998) . Total natural mortality rates estimated from an integrated catch-at-age model of walleye pollock with predators (Livingston and Methot, 1998 ) produced estimates of age-1 natural mortality that were comparable to MSVPA estimates for the recent time period but were lower for the 1963-1980 period not included in the MSVPA. Estimates of age-2 mortality from MSVPA seem high relative to other estimates and suggest that residual natural mortality rate (M1) for age-2 pollock used in the MSVPA model may be too high.
The higher total natural mortality rates obtained through multispecies assessment compared to traditional single-species assessment, particularly for juvenile age-1 age-2 age-3 Figure 6 . Relationship between recruitment at age-0, age-1, age-2, and age-3 and spawning stock biomass of walleye pollock according to MSVPA. pollock, are similar to those found for pollock in other regions of the North Pacific and for other gadoids such as cod, whiting, haddock, and Norway pout in the North Sea and cod in the Baltic Sea. Hollowed et al. (2000) added predators to a single-species model of walleye pollock in the Gulf of Alaska and found total natural mortality rates varied by age and by year, with estimates for age-1 ranging between 0.85 and 2.0. When the higher estimates of natural mortality rates for gadoids in the North Sea according to MSVPA were incorporated into the single-species VPAs for that region (Pope, 1991) , the results did not affect short-term yield predictions, but rather they influenced medium and long-term yield predictions and our understanding of recruitment (Pope, 1991; Gislason, 1993; Sparholt, 1995 Sparholt, , 1996 .
The initial increase and then decline in total biomass consumed of walleye pollock during 1982-1987 generally reflects the trends in population biomass of two dominant predators: adult pollock and Pacific cod. Estimated total biomass of pollock consumed by predators was higher than fishery removals during the time period, which ranged from 859 000 to 1 455 000 t. Given the strength of the predation by adult pollock and cod, it will be important to investigate how changes in fishing intensity of these two species could affect pollock recruitment.
Although predation on age-0 pollock was dominated by cannibalism, there were several important predators on age-1 pollock including cod (an exploited species) and arrowtooth flounder and northern fur seal (two non-exploited species). About half the estimated number of age-1 pollock consumed were eaten by these non-exploited species, which suggests that there may be limited ability to influence recruitment of pollock using various fishing strategies. An integrated catch-at-age model of pollock that included pollock, cod, and northern fur seals as predators, using the same basic food habits data, estimated much lower predation mortality rates on age-1 pollock (Livingston and Methot, 1998 ). Since that model had difficulty fitting model parameters relating to cod and fur seals, there is a need to examine more closely the inputs relating to these predators. The MSVPA highlights the significance of arrowtooth flounder as a predator on juvenile pollock. This species should therefore be included in other models of predation in the eastern Bering Sea, particularly since its biomass has been steadily increasing from under 100 000 t in 1982 to over 500 000 t in 1996.
The relationship between spawning stock and recruitment of pollock varies depending on whether estimates from SSVPA or MSVPA are used. Although the total amount of variability explained by the MSVPA curve, particularly for age-0 recruits, is a little higher than by SSVPA, there is still a great deal of variability around the respective curves. Although the time series contains only 13 data points and the estimated curves might be improved when more years can be added, factors other than predation undoubtedly also influence recruitment. Hollowed and Wooster (1995) and Quinn and Niebauer (1995) identified climate-related variables that explained variation in recruitment of walleye pollock, particularly the relationship between warmer regimes and increased recruitment. The time series of recruitment in the MSVPA includes years that could be characterized as either warm or average but not the cold years dating back to the period before 1980. Predation is an important process influencing pollock recruitment, but improved understanding will require linking models that examine the effect of climaterelated factors influencing larval survival to models that examine predation. Recent evidence also suggests that climate-related factors influence spatial overlap of cannibalistic adults and juveniles (Wespestad et al., 2000) . Developing spatially-explicit models of predation with linkages to climate might thus help to improve understanding of recruitment variability in walleye pollock. Livingston, 1993 Livingston, 1985 Livingston, -1987 2.84 1.90 0.31 Livingston and Methot, 1998 -1992 -1.50 0.35 Livingston and Methot, 1998 1963 -1980 -0.59 0.35 Wespestad and Terry, 1984 1963 -1980 
